An investigation was initiated to examine the effect of rotation speed on the allotropic α to ω-phase transformation in titanium. A grade 2 commercial purity titanium was processed by high-pressure torsion (HPT) at room temperature up to a maximum of 10 turns using a pressure of 5.0 GPa and different rotation speeds from 0.5 to 2 rpm. It is shown that the allotropic phase transformation occurs during HPT at different rotation speeds but the volume fraction of the ω-phase decreases when the rotation speed is increased. The results indicate that the hardness and strength are decreased by processing the specimens at higher rotation speeds. Additional annealing for 15 min at 423 and 473 K after HPT processing is also effective in changing the volume fractions of the ω-phase and producing an ω to α reverse phase transformation. The results are interpreted in terms of the temperature rise during HPT processing.
the strain rate has little significance on the α to ω-phase transformation when using rotation speeds of 0.2 and 0.5 rpm [9] . Accordingly, the present investigation was initiated to address this deficiency by examining the effect of different HPT rotation speeds on the α to ω-phase transformation, the microstructural evolution and the mechanical properties of the processed material. As will be demonstrated, the results show that the rotation speed has a critical effect on the magnitude of the transformation and especially on the total volume fraction of the ω-phase.
Experimental material and procedures
The experiments were conducted on commercial purity (CP) grade 2 titanium (99.2 % purity) that was annealed for 2 hr at 972 K under an Ar-controlled atmosphere to give an α-phase microstructure with an average grain size of ~ 65 μm. Titanium disks with thicknesses of ~0.8 mm and diameters of 10 mm were processed by HPT at room temperature under an applied pressure of P = 5.0 GPa using rotation speeds of 0.5, 1 and 2 rpm and rotations through totals of 1, 5 and 10 revolutions under quasi-constrained conditions [19, 20] . A Ktype (chromel-alumel) thermocouple was inserted in a hole at the back of the upper anvil and this was used to record the temperature of the upper anvil at a position ~10 mm from the HPT sample by making a small vertical hole in the centre of the upper anvil as described in an earlier report [21] .
After HPT, some samples processed for 10 turns at 0.5 rpm rotation speed were annealed at temperatures of 423 or 473 K for 15 min under an Ar-controlled atmosphere. Each HPT disk, both after HPT processing and after HPT processing and annealing, was polished to a mirror-like quality and hardness measurements were taken using a Vickers microhardness tester with a load of 500 gf and dwell times of 10 s. The average microhardness values, Hv, were measured along randomly selected diameters on each disk with the measurements taken at intervals of ~0.5 mm and at every point the local value of Hv was obtained from an average of four separate hardness measurements. The transformation temperatures were measured by differential scanning calorimetery (DSC) using a Mettler-Toledo instrument with the analysis performed using non-isothermal (scanning) experiments upon heating at a scanning rate of ~10 K min -1 and covering a temperature range of 298-773 K. The phase constituents were determined using X-ray diffraction (XRD) (Rigaku SmartLab) employing Cu Kα radiation (wavelength λ = 0.154 nm) at 45 kV and a tube current of 200 mA. The XRD measurements were performed over a 2θ range from 30° to 90° using a scanning step of 0.01° and a scanning speed of 2 min -1 . The analyses using DSC and XRD were conducted using sample areas with diameters of 3 mm located near the edges of the disks. A foil for transmission electron microscopy (TEM) was prepared using a focused ion beam (FIB) (Zeiss Nvision 40 FIB) method at 3 mm from the disk centre in the normal section of the disk so that the normal of the image lay in the shear direction. The TEM micrographs were obtained using a JEOL JEM-3010 microscope operating under an accelerating voltage of 300 kV.
Miniature tensile specimens were cut from near the edges of the HPT disks with gauge dimensions of 1.1 × 1.0 × 0.6 mm 3 and the stress-strain curves were recorded under conditions of constant rate of cross-head displacement at room temperature using an initial strain rate of 1.0 × 10 -3 s -1 with a Zwick universal testing machine. The stress-strain curves were plotted for each specimen to give the yield stress and ultimate tensile strength. Two samples were tested for each condition. The elongations were estimated by carefully measuring the gauge lengths before and after tensile testing using an optical microscope.
Experimental results

Microstructure and hardness after HPT processing
Figure 1(a) shows the X-ray diffraction patterns at the edges of the disks of the CP-Ti after HPT processing for different rotation speeds, w, at N = 10. Earlier results in a fullyannealed condition without HPT processing showed that, as anticipated, the initial microstructure consisted only of the α-phase Ti with a main peak of (10-10)α. Inspection of the X-ray patterns demonstrates that ω-phase peaks are clearly visible in Fig. 1(a) with the main peak position corresponding to the (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) ω planes at 2θ ≈ 39° thereby confirming the occurrence of the α to ω-phase transformation. The results indicate that the intensities of the ω-phase peaks decrease with increasing rotation speed such that the intensities of these peaks are essentially negligible when using the fastest rotation rate of 2 rpm. The volume fractions of the ω-phase after HPT processing were calculated using standard procedures [22] and the results are shown in the last column of Table 1 . Estimates of the ω-phase volume fractions based on the XRD results are summarized in Table 1 and show changes from ~65% for 0.5 rpm to ~27% and ~12% at rotation speeds of 1 and 2 rpm, respectively.
The results for the corresponding Vickers microhardness measurements are shown in The microhardness results in Fig. 1(b) show that the hardness decreases significantly with increasing rotation speed. Thus, the hardness values at the edges of the disks after 10 turns decrease from Hv  370 to ~304 and ~294 when the rotation rate increases from 0.5 to 1 and 2 rpm, respectively. These hardness measurements are consistent with the measured equilibrium volume fractions of the ω-phase since this phase is harder than the α-phase [1] .
The microstructure and an appropriate selected area electron diffraction (SAED) pattern are shown in Fig. 2 at a region ~3 mm from disk centre after HPT through 10 turns at 0.5 rpm.
This microstructure consists of an array of ultrafine equiaxed grains having an average size of ~70 nm. This is typical of materials prepared using severe plastic deformation (SPD) techniques and it is consistent with the presence of a large volume of high-energy nonequilibrium boundaries [23, 24] . Strain contrast is visible in many of these small grains which is associated with the presence of dislocations. In addition, the arrangement of the diffraction spots in semi-continuous circles in the SAED pattern confirms that the microstructure contains boundaries having high angles of misorientation. Analysis of the SAED pattern clearly shows the existence of ω and α phases in the microstructure which is consistent with the XRD result.
The effect of the numbers of rotations at a rotation speed of 0.5 rpm is shown in Fig. 3 for (a) the XRD patterns at the edges of the disks and (b) the hardness measurements across the disk diameters. The XRD patterns reveal that (0002)α becomes dominant after the first revolution and ω-phase peaks are clearly visible in Fig. 3 (a) even after processing through only 1 turn. Furthermore, the patterns in Fig. 3(a) illustrate the effect of the numbers of rotations on the α to ω-phase transformation since it is apparent that the intensities of the ω-phase peaks increase with increasing numbers of revolutions. Close inspection of these results indicates that the intensity of (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) ω increases at the expense of the intensity of (0002)α. The volume fractions of the ω-phase after HPT processing are shown in the last column of Table 1 where it is apparent that, at a rotation speed of 0.5 rpm, the ω-phase volume fraction increases from ~5 to ~65% when the numbers of rotations are increased from 1 to 10 turns.
The results for the corresponding Vickers microhardness measurements are shown in Table 1 .
Tensile stress-strain behavior
Representative plots of engineering stress against engineering strain are shown in Fig.   4 (a) for the annealed condition and samples of CP-Ti after 10 turns using different rotation speeds. Inspection of these curves shows that, as expected, HPT processing produces a significant increase in strength of the CP-Ti but with a corresponding decrease in the measured elongations to failure. This is consistent with the classical mechanical behavior of ultrafine-grained metals that are tested in tension at relatively low temperatures after processing using SPD techniques [28, 29] . The results show that the strength decreases with increasing rotation speed but the elongations to failure increase with increasing speed. These results are fully consistent with the hardness data documented for these samples in Fig. 1 
(b).
All results for the different experimental conditions are summarized in Table 1 .
The mechanical properties of samples of CP-Ti for the annealed condition (designated N = 0) and samples processed through 1, 5 and 10 turns at a rotational speed of 0.5 rpm are illustrated in Fig. 4(b) . The ultimate tensile strength (UTS) increases and the elongation to failure, , decreases with increasing numbers of turns and for the sample processed through N = 10 turns the UTS is ~1 GPa and the elongation to failure is only ~3% as summarized in Table 1 .
Thermal stability of the ω-phase
Non-isothermal DSC measurements were undertaken on disks processed through 10 turns at a rotation speed of 0.5 rpm in order to qualitatively examine the thermal stability of the ω-phase. The result is shown in Fig. 5 and indicates the appearance of two exothermic peaks on the first run after HPT processing. However, the peaks disappear during heating of the sample in the second run. According to the XRD results in Fig. 1(a) , the microstructure of the CP Ti after HPT processing contains both α and ω-phases. Therefore, the peaks in Fig. 5 are related to the occurrence of an ω to α reverse transformation during heating and the occurrence of two peaks is probably associated with the material heterogeneity which is an inherent feature of processing by HPT. The result in Fig. 5 shows that the ω to α reverse phase transformation occurs in the temperature range of 377-470 K which is consistent with earlier published data [7, 10] .
To more clearly clarify the microstructural effect of an ω to α reverse phase transformation, XRD and microhardness measurements were performed on the samples processed through 10 turns of HPT at 0.5 rpm and then annealed for 15 min at 423 or 473 K.
As shown in Fig. 6(a) , the intensity of the ω-phase peaks decrease significantly after annealing at 423 K for 15 min and the ω-phase peaks are almost entirely absent after annealing for 15 min at the higher temperature of 473 K. These results demonstrate conclusively that the ω to α reverse phase transformation occurs at 473 K which is consistent with the DSC results in Fig. 5 . As shown by the hardness measurements in Fig. 6(b) , the microhardness of the sample is reduced to Hv  282 after annealing at 473 K due to the reverse transformation and the consequent relaxation of the severely deformed material.
According to earlier experiments [30], there is evidence for a significant decrease in lattice distortions without any visible grain growth after short-term annealing at such a low annealing temperature (323 and 373 K for 10 min). In this condition, the grain size remains unchanged but the grain boundaries become better defined with more uniform contrast [30] .
Therefore, it is expected that the hardness decreased due to the occurrence of a reverse phase transformation. Furthermore, it is apparent from Fig. 6 (b) that this lower value of the Vickers microhardness remains constant throughout the disk after annealing at 473 K.
Temperature increment during HPT
The temperatures were recorded experimentally after 10 turns for the three different rotation rates of 0.5, 1 and 2 rpm and the results are plotted in Fig. 7 . These measurements were recorded at the central position relative to the disk so that the radius was r = 0 mm but at a height perpendicular to the disks, z, given by z = 10 mm. Inspection of Fig. 7 shows that, for rotation at a rate of 0.5 rpm, the temperature increases significantly in the very early stages of processing but levels off and reaches an essentially steady-state condition after about 5
min. This steady-state is due to the development of a reasonable balance between the rate of heat generation in the sample and the rate of cooling to the anvils. Neverthless, the temperature increases with increasing speed of rotation such that the anvil temperatures may reach ~305, ~313 and ~321 K after 10 turns of processing with rates of 0.5, 1 and 2 rpm, respectively. It is important to note that these temperatures relate to the temperatures in the anvils connected to the disks and the values were recorded at a distance of 10 mm from the disk surfaces. This means in practice that the true temperatures of the disks are higher than these measured values.
Discussion
General characteristics of the allotropic phase transformation
The results from this investigation provide a clear demonstration that an α to ω-phase transformation occurs during HPT processing. The XRD results presented in Fig. 3(a) indicate a strong deformatiom texture in HPT-processed samples. The (0002)α peak is dominant at the beginning of the process and by straining the intensity of (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) ω increases at the expense of the intensity of (0002)α. The α to ω transformation occurs as a result of atomic shuffles in the (0001)α planes and leads to the formation of the (11-20)ω planes [8, 31] .
Accordingly, the orientation relationship between the α and HPT-induced ω is given by (0001)α || (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) ω; [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] α || [0001]ω [8, 31] .
It is important to note that, in contrast to the significant role of the (0002)α planes in the forward phase transformation, no (0002)α is detected in the reverse transformation. This is in good agreement with earlier research suggesting that the the mechanisms of forward and reverse transformations are different [10, 31] . The forward phase transformation is a diffusionless phase transformation while the reverse transformation formed by the HPT process is diffusion-controlled [10, 31] .
These results cleary demonstrate that the volume fraction of the ω-phase decreases with increasing rotation speed in Fig. 1(a) and increases with increasing straining in Fig. 3(a) . Based on microstructural evolutions during HPT processing and after annealing as investigated by XRD, it appears that the smaller amount of ω-phase at higher rotation speeds is due to a prevention of ω-phase formation rather than to the reverse ω to α transformation during HPT. It is reasonable to anticipate that heat generation during HPT processing is the main contributor preventing the formation of the ω-phase at higher rotation speeds. It is important to note also that the difficulty in ω-phase formation is assisted by the low stability of the ω-phase and the occurrence of the ω to α reverse phase transformation at relatively low temperatures (377-470 K). Thus, the annealing and XRD results in Fig. 6 (a) confirm that the ω to α reverse phase transformation begins to occur at temperatures at least as low as ~423 K.
The effect of temperature rise in HPT processing
A general relationship for the temperature rise, T, during plastic deformation is given in the form [32]:
where  is the density of the material, Cp is the specific heat capacity,  is the flow stress,  is the plastic deformation and the fraction of plastic deformation converted into heat is assumed to be ~0.9. In practice, the flow curve of CP-Ti in the fully-annealed condition, as shown in 
where σ is the flow stress of the metal which was taken from Table 1 for N = 10 turns at different rotation rates, w is the rotation rate equal to 0.052, 0.105 and 0.210 rad s -1 for rotation speeds of 0.5, 1 and 2 rpm, respectively, and t is the total rotation time in units of seconds. Using eq. (2), it is estimated that the rise in the sample temperature after HPT for rotation speeds of 0.5, 1 and 2 rpm is of the order of ~25, ~42 and ~68 K, respectively.
Therefore, CP-Ti deformed at room temperature (296 K) may reach temperatures of ~320, ~340 and ~370 K for rotation speeds of 0.5, 1 and 2 rpm, respectively.
Based on the DSC measurements in Fig. 5 , these increases in temperature may not be sufficient to prevent an α to ω-phase transformation. Nevertheless, the imposition of high rotation rates, when combined with the potential for plastic localization and some adiabatic shearing, is probably sufficient to prevent a stabilization of the ω phase during HPT.
Furthermore, the low heat conductivity of Ti may also enhance the localization of plastic flow.
Effect of rotation speed on the phase transformation
The present study demonstrates that the rotation speed is an important factor in characterizing the occurrence of the α to ω-phase transformation during HPT processing. It is important to note that increasing the applied pressure or the processing of higher purity Ti may promote the α to ω-phase transformation even at high rotation speeds.
To provide a direct comparison with published data, Table 2 summarizes the results reported for various effective parameters on the α to ω phase transformation used in the HPT processing of Ti where the columns represent the applied pressure, P, the numbers of turns, N, the rotation speed, w, the oxygen content, the volume fraction of the ω-phase expressed as a percentage and the appropriate reference. These results and the present investigation show clearly the effect of each parameter on the formation of the ω-phase in Ti. The volume fraction of ω-phase decreased by increasing the oxygen content at a constant P, N and w [7] .
The fraction of the ω-phase increased both with increasing pressure and with increasing the numbers of rotations [8] . The results show that 80% ω-phase was reported after 10 turns of HPT processing in high purity (99.9%) Ti using a pressure of 6.0 GPa pressure and a rotation rate of 1 rpm [10] and 100% ω-phase was reported after 20 turns of HPT processing in the same high purity Ti with a pressure of 5.0 GPa and a rotation rate of 0.2 rpm [12] .
Conversely, an ω-phase was not detected by XRD in a Ti having a relatively high oxygen content after processing at 6.0 GPa [18] . Finally, the present investigation demonstrates that the fraction of ω-phase decreased by increasing the rotation speed.
Summary and conclusions
1. Different rotation speeds of 0.5, 1 and 2 rpm were applied for the HPT processing of a grade 2 commercial purity titanium under 5.0 GPa up to 10 turns. An α to ω-phase transformation occurred during HPT at different rotation speeds but the volume fraction of the ω-phase decreased when the rotation speed was increased. The results show that the hardness and strength are decreased by processing the specimens at higher rotation rates.
2. Heat generation during HPT processing is the main contributor preventing the formation of the ω-phase at higher rotation speeds. The difficulty in ω-phase formation is assisted by the low stability of the ω-phase at relatively low temperatures (377-470 K).
3. The rotation speed is an important factor in characterizing the occurrence of the α to ω-phase transformation during HPT processing. The stabilization of the ω phase is prevented during HPT at high rotation speeds due to plastic localization and adiabatic shearing that produces local heating. Table 1 . The mechanical properties and ω-phase volume fractions of CP-Ti after HPT processing under different conditions. Table 2 . Summary of experimental parameters used to investigate Ti processed by HPT [7, 8, 10, 12, 16, 18] . 
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